I N T RO D U C T I O N
Visser, Trampert & Kennett (2008) , in a highly sophisticated analysis of many tens of thousands of worldwide observations of surface wave seismograms, claim to present global azimuthally varying anisotropic phase-velocity maps for the fundamental modes and up to the sixth overtone for Rayleigh waves and fifth overtone for Love waves. They use the Automated Multimode Inversion (AMI) of Lebedev et al. (2005) . The data were interpreted as Rayleigh-and Love-wave particle motion confined to sagittal-plane and transverse-horizontal motion, respectively. The laudable aim is 'to provide maps for many overtones' to 'facilitate the final step in the search for deep anisotropy'.
Unfortunately, surface waves in azimuthally varying anisotropy as found in the Earth do not separate into two independent sets of modes with Rayleigh-wave (sagittal plane) and Love-wave (horizontal transverse) particle motion. Such motion occurs in azimuthal anisotropy in the Earth (if it occurs at all) only in isolated azimuthal directions separated by 90
• (Crampin 1981) . The two sets of modes of Visser et al. (2008) would invert to two independent sets of (incompatible) anisotropic constants for Earth structure (each of which would lead to two sets of incompatible generalized modes). Thus the analysis of Visser et al. (2008) is inappropriate and cannot map azimuthally varying anisotropic * Also at: Edinburgh Anisotropy Project, British Geological Survey, Edinburgh EH9 3LA, Scotland, UK and Institute of Earthquake Science, China Earthquake Administration, 63 Fuxing Road, 100036 Beijing, China. phase velocities for a unique azimuthally varying anisotropic model Earth.
S U R FA C E WAV E S I N A M U LT I L AY E R E D A N I S O T RO P I C E A RT H
Choosing orthogonal co-ordinate axes (x 1, x 2, x 3 ), with x 3 vertically downwards, we azimuthally rotate the elastic constants of a plane-layered anisotropic model so that horizontal phase-velocity propagation is always in the x 1 direction. For an anisotropic planelayered structure, the relationship between the three displacements and three normal stresses at the at the top and bottom of a plane horizontal anisotropic layer can be related by a 6 × 6 propagator matrix (Gilbert & Backus 1966) with real and imaginary variables (Crampin 1970 (Crampin , 1981 Crampin & Taylor 1971) . Consequently, the displacements and (zero) normal stresses at the surface (u 1 , u 2 , u 3 , 0, 0, 0) can be related to the excitation functions of the three downward propagating waves (0, 0, 0, f 4 , f 5 , f 6 ) in the lower half-space by:
where G is the matrix multiple of the propagator matrices of the intermediate layers and the relationship between the displacements and stresses on the lowermost interface and the excitation functions of the downward propagating waves (Crampin 1981) . This can be considered as three homogeneous simultaneous equations which have a unique solution for velocity as a function of frequency only if:
Note that if G factorizes, either when elastic constants are isotropic, or in the case of a direction with both anisotropic sagittal and horizontal symmetry, eq. (1) reduces to:
where R is a 4 × 4 real matrix leading to typically Rayleigh-wave particle motion, and L is a 2 × 2 real matrix leading to Love-wave particle motion. In all other cases, eq. (1) leads to solutions where the particle motion has 3-D coupling in x 1 -, x 2 -and x 3 -directions (Crampin 1970 (Crampin , 1981 . The relationships (1) and (2) have proved very effective in matching the dispersion of generalized highermode surface waves observed in the Earth (Crampin & King 1977 and papers cited therein). If G does not factorize, as is usually the case for azimuthally varying anisotropy, there will always be 'coupling' between Rayleigh-and Love-particle motion. In particular, the strength of the velocity anisotropy very largely depends on the strength of the coupling between Rayleigh and Love waves. If there is measurable velocity anisotropy, there will also be measurable coupling between Rayleigh-and Love-wave particle motion.
Eq.
(1) indicates that in surface wave propagation in multilayered 'azimuthally varying anisotropy', the two otherwise independent families of 'isotropic' Rayleigh-and Love-modes coalesce into one family of generalized modes propagating with elliptical particle-motion varying in three dimensions (Crampin 1970 (Crampin , 1975 (Crampin , 1981 . Fig. 1 shows characteristic particle motion for three particular symmetry-plane orientations (Crampin 1975) . 'InclinedRayleigh Motion' (Fig. 1a) for propagation in different directions over a horizontal plane of anisotropic symmetry. Such motion has been widely observed in higher-mode propagation across Eurasia with an example in Fig mode surface waves propagating in oceanic basins (Kirkwood and Crampin 1981a,b) . For completeness, 'Sloping-Rayleigh Motion' (Fig. 1c ) is for propagation with sagittal symmetry (where there are no vertical or horizontal symmetry planes). To our knowledge no Sloping-Rayleigh Motion has been identified in the Earth. Note that more general orientations of anisotropy would lead to more complicated elliptical polarizations in three dimensions.
O B S E RVAT I O N S O F G E N E R A L I Z E D S U R FA C E WAV E M O D E S I N T H E E A RT H
For convenience and simplicity, in Fig. 2 I display generalized motion in 6-12 s higher-mode seismograms where dispersion, path length, and straightforward bandpass filtering, have isolated the mode in time and space. (The coupling effects are caused by anisotropy in the top of the upper mantle, Crampin & King 1977) . Isolation of longer-period higher modes, referring to deeper anisotropy, would require sophisticated mode-separation techniques, where the particle motion would depend on the success of the separation. This would be particularly difficult with the lowamplitude higher modes analysed by Visser et al. (2008) . We shall see below (Fig. 3 ) that particle-motion coupling is most pronounced when the phase-velocity dispersion curves of equivalent isotropic Rayleigh-and Love-modes intersect each other. Since, dispersion curves of higher-mode Rayleigh-and Love-modes form separate nets of curves overlaying each other, there are numerous intersections at all periods in azimuthally varying anisotropic substrates. Fig. 2(a) shows the wave train of the Generalized Second Rayleigh Higher-Mode (in the nomenclature of Crampin & King 1977) from an earthquake in the Ryukyu Islands south of Japan, recorded at Uppsala (UPP), Sweden. The vertical lines through the peaks of the vertical motion on the rotated seismograms show a consistent ±π /2 relationship between the radial and transverse horizontal motion, characteristic of the Inclined Rayleigh-wave motion illustrated in Fig. 1(a) . Thus there is consistent Inclined Rayleigh Motion for a large part of a nearly 60 cycle higher-mode wave train along a homogeneous continental ray path. This is one of the longest highermode wave trains ever recorded over continental paths. Fig. 2(b) shows polarization diagrams (hodograms) for horizontal-and sagittal-plane cross-sections of the particle motion for the first 24 numbered time-intervals marked above the rotated seismograms in Fig. 2(a) . During these 24 time-intervals, the frequency-velocity dispersion is regular, and similar to isotropic dispersion (except for the coupled particle motion). Beyond timeinterval 24, the dispersion becomes irregular probably due to multipathing (Crampin & King 1977) . Similar Inclined-Rayleigh Motion for higher modes has also been observed at several intermediate stations from this Ryukyu Island earthquake and from other earthquakes along different azimuthal directions to other stations in Eurasia (Crampin & King 1977) . Consequently, identical isotropic dispersion curves for Rayleigh-and Love-modes and/or multipathing is unlikely and can be excluded as the explanation for the particle motion in the first 24 time-intervals in Fig. 2(a) (Crampin & King 1977) . Consequently, the consistent Inclined Rayleigh Motion of the Generalized Second Rayleigh Higher-Mode in Fig. 2 (and associated data, Crampin & King 1977) demonstrates orthorhombic anisotropic symmetry with a horizontal plane of symmetry throughout most of continental Eurasia (excluding regions with mountains).
For these comments it is important to note that this single-mode dispersion of the Generalized Second-Rayleigh Higher-Mode in Fig. 2(a) shows dominant (larger) amplitudes varying with time between vertical, radial, and transverse components in the bottom three seismograms in Fig. 2(a) . Consequently, interpreting rotated seismograms as purely Rayleigh-and Love-wave higher-mode particle motion (à la Visser et al. 2008) would yield a mixture of fragments of Rayleigh-mode and Love-mode phase velocities from observations of a single anisotropic generalized surface wave mode. Thus the map of 'anisotropic phase-velocities' of Visser et al. (2008) for separate Rayleigh and Love modes is not meaningful in terms of elastic anisotropy in the Earth. Fig. 3 shows other ways that inter-mode coupling can occur. Fig. 3 (modified from Crampin & Taylor 1971) shows 'pinches' in phasevelocity dispersion curves of the first six generalized modes of layered crystals in a microscale piezoelectric surface wave device (Armstrong & Crampin 1972) . Dispersion curves for Earth structures show similar pinches whenever the equivalent isotropic Rayleigh-and Love-modes dispersion curves intersect each other as they frequently do in equivalent 'isotropic' Earth seismograms (see previous section). However, the behaviour of surface waves in Earth structures are more spread out and difficult to condense into a single figure. Fig. 3 is a conveniently succinct diagram that displays the required range of phenomena. Note that pinches occur between any intersecting modes regardless of wave type and mode number.
O T H E R S O U RC E S O F M O D E C O U P L I N G
What happens is that the phase-velocity dispersion curves of the individual Rayleigh and Love surface wave modes in an equivalent 'isotropic' Earth frequently intersect (cross over) each other. In 'anisotropy', even in weak anisotropy, modes cannot intersect but 'pinch' together, as in Fig. 3 , and exchange polarizations (Crampin & Taylor 1971) . At pinches, the two 'pinching' modes exchange polarization characteristics. The pinches may be very tight and polarizations exchanged over a narrow frequency interval, as in Pinch 2 in Fig. 3 . In other circumstances, the pinches may be less narrow (Pinches 3 and 4), or quite broad, as in Pinch 1 (where the polarizations are exchanged over a comparatively wide frequency range for phase-velocity dispersion in a particular path direction). The polarization behaviour of the fundamental generalized mode is suggested by labels 'RPM' for similarity to isotropic Rayleigh-wave Particle Motion, and 'LPM' for similarity to Love-wave Particle Motion. Fig. 3 also shows the group-velocity dispersion of the fundamental generalized-mode surface wave, where the tight pinch (No. 2) in the phase-velocity dispersion produces severe distortions in groupvelocity dispersion curves, where again the dominant polarization types are exchanged.
Note also that when surface waves propagate in anisotropic substrates, the phase velocity directions deviate azimuthally from group velocity directions (Crampin 1970) . This is yet another reason why generalized modes display coupled particle motion.
C O N C L U S I O N S
The misunderstanding of Visser et al. (2008) is presumably in assuming that surface wave elastic anisotropy only affects velocity dispersion. The 'phase-velocity maps' they obtain are not measuring meaningful anisotropic phase velocities but measuring some mixture of interspersed fragments of generalized modes, as in Fig.  2 , without consistent geophysical meaning. It would require a comprehensive theoretical and observational investigation to specify the exact behaviour. The similarities that Visser et al. (2008) find with results from other papers, probably means that the other papers suffer from similar misunderstandings.
We have shown in Sections 2 and 3 that the 3-D coupling of sagittal and transverse particle motion is an essential feature of surface waves in azimuthally varying anisotropic media that has important implications for the correct interpretation of observations of higher-mode surface wave anisotropy in the Earth (Crampin & King 1977) . Interpreting surface wave anisotropy only in terms of velocity anisotropy of modes with purely isotropic Rayleigh and Love surface wave particle motion, even at the longer-periods of Visser et al. (2008) , is analogous to restricting investigations of body wave anisotropy only to variations of velocity with direction. Both theory and observations show that the coupling of shear wave particle motion between the two transverse polarizations leading to shear wave splitting (seismic birefringence) is the most valuable diagnostic evidence for seismic anisotropy in body wave observations in the Earth (Keith & Crampin 1977; Crampin 1981 Crampin , 1994 Crampin , 2006 Alford 1986; Mueller 1991; Crampin et al. 1999; and many others) . Similarly, it is the 3-D coupling of surface wave motion that is the most diagnostic evidence for propagation in azimuthally varying anisotropic substrates.
We have shown in Fig. 1 , that the 3-D coupling of surface wave modes in azimuthally anisotropic media do not display typical isotropic Rayleigh-and Love-wave particle motion (except in specific symmetry directions). An Editor asks how wrong are models that do interpret anisotropic coupled seismograms in terms of separate Rayleigh-and Love-wave motion. This is difficult to quantify, but they would be wrong on at least two counts. Separate Rayleigh-and Love-modes cannot show the diagnostic coupling between sagittal and transverse motion (over ∼60 cycles), which is such a distinctive feature of the seismograms in Fig. 2 . More important, since elastic constants for anisotropic models necessarily display Rayleigh-and Love-mode coupled particle motion, inverting Rayleigh-and Love-mode seismograms separately cannot lead to a unique set of consistent elastic constants.
A further comment, underlying several recent investigations of surface waves in anisotropic substrates (Trampert & Woodhouse 2003; Visser et al. 2007 Visser et al. , 2008 Sieminski et al. 2007) , is the false assumption that anisotropic surface waves can by modelled by perturbation from isotropic behaviour (Larson et al. 1998) . This again assumes that surface wave anisotropy only affects velocityanisotropy so that sagittal-transverse coupling can be ignored. 3-D coupling cannot be directly generalized by applying perturbation theory to isotropic surface wave propagation where sagittal and transverse polarizations are independent. This is most easily seen again by analogy with anisotropic body wave propagation. Perturbation theory cannot directly model shear wave splitting from variations of isotropic shear wave velocities. Shear wave propagation in isotropy has zero transverse coupling and thus it has no quantitative measure for applying perturbation theory. Note that however 'weak' the anisotropy, shear wave splitting always occurs. In weak anisotropy, the time-delays between split shear waves may be negligibly small, so that the initial shear wave polarization would be almost wholly preserved. Shear wave splitting in such media would be observable only at very high frequencies. Similarly, surface waves in weak azimuthal anisotropy always have 3-D coupling of particle motion, but will have measurable observable effects only in appropriate high-frequency seismograms.
I conclude that the analysis of Visser et al. (2008) is invalid for seismic elastic anisotropy. They do not map anisotropic phase velocities, and their detailed maps for separate Rayleigh and Love modes are not appropriate for interpreting elastic seismic anisotropy in the Earth. Even if the individual Rayleigh-and Love-mode 'phasevelocity maps' of Visser et al. (2008) were highly accurate and repeatable inversion would lead to two independent incompatible sets of anisotropic elastic constants for a unique earth model, which would not be a meaningful development.
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